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Summary

The anti-psoriatic compound, 6-chloro-2,3-dimethoxy-1,4-naphthalene diol diacetate (lonapalene ) (1), undergoes ester hydrolysis
and oxidation to give 2,3-dimethoxy-6-chloro-1,4-naphthoquinone (3). The hydrolysis reaction of 1 obeys the equation k=
ky+fH* ]+ ko + ky30-JHO ™} where kyg+, kg and kygo- at 25°C are 142X 1075 M™! . 571 368 x 1078 s 1 and 178 M1 .57,
respectively. Both general acid and general base catalysis of 1 were observed, as well as an aminolysis reaction with primary amines.
It is concluded that naphthyl esters undergo specific base catalysis by rate-determining hydroxide ion attack on the ester group to
form a tetrahedral intermediate, whereas nucleophilic catalysis by amines proceeds by rate-determining proton transfer in the
tetrahedral intermediate to base. It was also demonstrated that the hydrolysis rates of 1-naphthyl esters do not change greatly by
altering the substituent in the 6- and 7-positions, and that the maximum shelf-life of 1 in aqueous formulations is approximately 1

month at room temperature and pH 4.

Introduction

Psoriasis is a chronic, genetically-determined
disease characterized by inflammation of the skin
and is estimated to afflict upwards of 2-6% of the
worldwide population (Wheldon, 1976). The etiol-
ogy of the disease is unknown and, unfortunately,
no cure is available. Although many forms of
treatment are currently being used, some of them
more than 50 years old, these treatments provide
only temporary relief from the symptoms of the
disease. Such treatments include coal tars (with
and without UV radiation), mercury compounds,
psoralen and UV-A radiation, and retinoids
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(Baden, 1984). Among widespread use are treat-
ments employing topical administration of
anthralin and corticosteroids. Anthralin, however,
is an irritating mutagenic compound, and the
long-term side-effects of corticosteroids are well
documented (Bickers, 1984).

In an attempt to overcome the severe limita-
tions of previous treatments, we began a screening
program several years ago to identify new non-
steroidal anti-psoriatic agents (Simpson, 1984;
Young, 1986). Early work led to the discovery of
6-chloro-isonaphthazarin (shown below), a com-
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pound that demonstrated excellent anti-psoriatic
activity after topical administration to man
(Dumas, 1972; Jones, 1980, 1981). This com-
pound, however, caused moderate sensitization
and irritation in some patients and, from a phar-
maceutical standpoint, suffered from an extreme
propensity to undergo oxidation (Young, 1986). In
an attempt to maintain pharmacological activity,
eliminate the sensitization/irritation reaction, and
improve the chemical stability, a series of analogs
and prodrugs of 6-chloro-isonaphthazarin were
synthesized and screened for activity. From this
second generation of compounds, 6-chloro-2,3-di-
methoxy-1,4-naphthalene diol diacetate (1) (trade
name: lonapalene) has shown great promise as an
anti-psoriatic agent (Young, 1986; Jones, 1984)
and is now undergoing clinical trials in man (Las-
sus, 1985).

During the drug development program for
lonapalene, we studied the solution chemistry of 1
and other naphthyl esters, and the results are
reported herein. Compound 1 undergoes rapid
hydrolysis to a pair of isomeric monoesters (2)
which are further hydrolyzed and then oxidized to
give the naphthoquinone analog (3). Since both 2
and 3 show good
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activity against psoriasis (Young, 1986), it is most

probable that 1 is a prodrug of the, as of yet,
unidentified pharmacologically active agent. This
paper reports our investigation on the aqueous
hydrolysis of 1, 2, S and 6, and on the aminolysis
of 1 and 2. Data on the aqueous hydrolysis and
aminolysis of a-naphthylacetate (4) (Hawkins,
1955; Bruice, 1967) is included for comparison in
the mechanistic studies.

Herein, we report that 1 and 2 are more stable
than 6-chloro-isonaphthazarin, and that the stabil-
ity of these naphthyl esters is still insufficient for
formulation of the drug in an aqueous vehicle.
Additionally, our study suggests that 1 and 2
undergo nucleophilic catalysis by amines. These
latter results show that naphthyl ester substrates
may be susceptible to enzyme-catalyzed hydrolysis
inasmuch as the in vivo enzyme reaction is thought
to be nucleophilic in nature (Makinen, 1976).

Experimental

Materials

Compounds 1, 2, 3 and 5 were prepared in the
Institute of Organic Chemistry at Syntex (Palo
Alto, CA) and the synthetic details of these and
other anti-psoriatic compounds are described
elsewhere (Jones, 1986). Radiolabeled
1,2,3,4,4a,8a-*C-1 was prepared in > 98% radio-
chemical purity (Parnes, 1986). n-Propylacetamide
was prepared by reaction of acetic anhydride and
n-propylamine in tetrahydrofuran. 4-Chloro-
phthalic acid, »-propylamine, tris-Cthydroxymeth-
ylhaminomethane (Tris), KH,PO,, H,PO,, D,0,
DC and NaCl were of the highest grade commer-
cially available (Aldrich or Mallickrodt) and were
used without further purification. Mobile phases
were prepared from HPLC-grade acetonitrile and
distilled deionized water, or HPLC-grade hexane
and methanol (Burdick and Jackson).

Apparatus

The separation and kinetic analysis of 1, 2 and
3 was carried out using an HPLC system consist-
ing of a Micromeritics Model 725 autoinjector,
Model 110A Altex pump, Model 770 Spectra
Physics spectrophotometric detector and an SP
4000 computing integrator. The following re-



versed-phase (RP) HPLC conditions provided a
linear response throughout the range of 0.04-40
pg injected: column, Alitech Spherisorb 55-Cé
(15 X 04 cm, 5 pm); mobile phase,
acetonitrile-0.01 M potassium dihydrogen phos-
phate (adjusted to pH ~ 4 with phosphoric acid)
(45 : 55, v/v); flow rate, 1 ml/min; detection, 242
nm; typical retention times, 3, 7 min; 2, 8 min; 1,
12 min. The other naphthyl esters were also
analyzed similarly. The separation and chromato-
graphic identification of 4-chlorophthalic acid was
done using the above conditions except that
acetonitrile was omitted from the mobile phase
(retention time = 12 min). n-Propylacetamide was
separated from the hydrolysis products using the
above conditions and a mobile phase consisting of
5% (v/v) acetonitrile in water (retention time = 13
min). A normal phase-HPLC method (NP-HPLC)
was required to separate the 6- and 7-chloro iso-
mers of 2. The conditions used were: column,
Altex Ultrasphere-Si (25 X 0.46 cm, 5 um); mobile
phase, hexane-methanol (96: 4, v/v); flow rate, 1
ml/ min; retention times, 7-chloro isomer, 20 min;
6-chloro isomer, 23 min. Collection and assay of
radiocactive HPLC fractions was carried out using
an LKB Multi-Rac fraction collector and a Beck-
man LS 860 liquid scintillation counter. All sam-
ple activities were corrected for background counts
and traces of radiolabeled impurities (~2%) in
14C.labeled 1. pHs were determined prior to the
reaction using a Radiometer PHM 64 pH meter
and Model GK2401C combination electrode.
Electron impact mass spectra were obtained using
a Varian MAT 1125 or 311A direct inlet mass
spectrometer. NMR spectra were determined using
a Bruker WM 300 FT-NMR spectrometer.

Kinetics

In order to obtain pseudo-first-order kinetics,
the buffer concentration (~ 0.005 — 0.15 M) was
always maintained in excess over the ester con-
centration (~1.5X 1075 M). In all experiments,
buffer solutions were prepared shortly before use
and the pH of each serial dilution was determined
at the reaction temperature. lonic strength was
maintained constant at 0.15 M by the addition of
sodium chloride. Stock solutions of esters 1, 2 and
5 were prepared in acetonitrile and stored in the
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dark at 4°C when not in use. For the slower
kinetic runs or those carried out at elevated tem-
peratures, 100 ml of reaction solution and a small
amount (~ 0.1-0.5 mi) of the ester stock solution
were mixed well before 5 ml aliquots of the mix-
ture were transferred to pretreated (with HCI and
(NH,),S0, to remove traces of base) clear amp-
ules, flame sealed, and temperature equilibrated.
At known time intervals, ampules were either
removed from the temperature bath and
refrigerated, or were assayed immediately by
HPLC against a freshly-prepared reference solu-
tion of 1. Upon removal of the last sample, all of
the stored samples were analyzed on the same day.
Faster reaction rates were obtained by removing
aliquots from a single reaction vessel at given time
intervals and immediately quenching with acetate
buffer to a final pH of ~ 4-5, and then assaying
as before. In a typical experiment, 8-12 samples
were analyzed, and the peak area integrations
were converted to concentrations or % remaining
values by use of linear response calibration curves
determined earlier for 1, 2 and 3.

pK,, determinations

The pK , values for the 6- and 7-chloro isomers
of 2 and a 50:50 mixture of these isomers were
determined potentiometrically by the method of
Albert and Sarjeant (Albert, 1971) at A = 242 nm
using an HP-8450A spectrophotometer. In a typi-
cal determination 0.001 M potassium dihydrogen
phosphate was used as a buffer during the addition
of small amounts of concentrated sodium hydrox-
ide to the temperature-equilibrated solution.

Product identification

UV spectra of the major RP-HPLC peaks were
obtained by monitoring the HPLC effluent using
an HP-8450A spectrophotometer equipped with
an 8 pl flow cell. Large scale separation and
collection of the major peaks using acetonitrile—
water (45:55 v/v) as the HPLC mobile phase
afforded the two isomers of 2, and 3. These were
confirmed by their electron impact mass spectra
and '"H-NMR spectra. Separation of the isomers
of 2 was carried out by NP-HPLC and positive
identification was made by the NMR Overhauser
effect (Jones, 1986) and by comparison with
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authentic samples. Identification of 3 was verified
by comparison of HPLC retention times with an
authentic sample. In most cases, both spectral
(UV, NMR and MS) and chromatographic (RP-
and NP-HPLC) comparisons were made. Identifi-
cation of n-propylacetamide, the aminolysis prod-
uct of 1 with n-propylamine, was carried out by
showing identical RP-HPLC retention times and
UV spectra with that of an authentic sample. The
identities of the radiolabeled peaks in the HPLC
chromatograms of “C-labeled 1 and its degrada-
tion products were determined by chromato-
graphic retention time only.

Results and Discussion

In this, our first of 3 papers on the chemistry of
new non-steroidal anti-psoriatic agents (Powell,
1986), we report the effect of solution pH, reac-
tion temperature and various buffers on the de-
gradation of 1 and 2. We are interested in such in
vitro studies because: (i) they provide a model
system for delineating factors governing the shelf-
life of 1 in the water-based cream formulations
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under development; (ii) the degradation product 2
also demonstrates remarkable anti-psoriatic activ-
ity in man and so its formation rate from 1 is
germane; and (iii) the degradation of 1 and 2 by
buffer nucleophiles may yield information relating
to the mechanism of in vivo enzyme-catalyzed
hydrolysis of ester substrates — a reaction thought
to proceed via a nucleophilic mechanism
(Makinen, 1976).

Degradation products of 1 and 2

The degradation pathways for 1 are shown in
Scheme 1. In Scheme 1 and what follows, the rate
constant subscripts denote the catalytic species
and the superscripts denote the protonation state
of the substrate. For example, ko [HO ], k3oH
and k yyo-{NJTHO 7] are the rate contributions by
specific hydroxide ion catalysis of 1, unassisted
nucleophilic attack by an amine on the species
20H, and hydroxide ion catalysis of nucleophilic
attack by an amine, respectively. Under all reac-
tion conditions employed, hydrolysis of the diester
prodrug, 1, gave initially an approximate 50: 50
mixture of the 6- and 7-chloro substituted
monoesters (designated collectively as 2). For the




purposes of this study, the 6- and 7-chloro isomers
of 2 could be treated collectively, inasmuch as
partial hydrolysis of 1 afforded equal amounts of
each isomer, and because the hydrolysis rates of
the 6- and 7-isomers of 2 were nearly identical.
The pK s for the 6- and 7-isomers of 2 were also
determined herein to be nearly identical at 8.05 +
0.01 and 8.12 + 0.03, respectively. Each of these
monoesters existed in the protonated (20H) and
deprotonated (207) forms, depending on the pH
of the reaction solution. Subsequent hydrolysis of
2 followed by rapid oxidation afforded primarily
2,3-dimethoxy-6-chloro-1,4-naphthaquinone (3).
No additional HPLC peaks were detected which
might correspond to the hydroquinone during any
of the experiments. In the presence of propyl-
amine buffers, the reaction of 1 proceeded almost
exclusively by aminolysis as shown by the quanti-
tative formation of n-propylacetamide.

To prove that all hydrolysis products of 1 were
detected and accounted for, the hydrolysis of *C-
labeled 1 was carried out in the acidic, neutral and
basic pH regions. The reported percent-remaining
values of Table 1 show that 100% mass balance
was obtained to at least one half-life when frac-
tions coincident to 1, 2, 3 and the solvent front
were collected and counted. The primary degrada-
tion product of radiolabeled 1 was identified as 2
which underwent subsequent hydrolysis and
oxidation to give 3. The small amount (~ 1%) of
radioactivity found in the solvent front proved to
be derived from several compounds, When the

TABLE 1

Product distribution and mass balance for hydrolysis of 1°C-
labeled-1 to gpproximately 90% remaining at 25°C ¢

pH % Remaining Mass

1 2 3 c balance
1.0° 88.21 5.89 3.47 2.10 99.67
4.0 91.56 468 2.63 0.81 99.68
92 87.30 11.79 0 0.95 100.0

* The reported % remaining values have been corrected for
approximately 2% of radiolabeled impurities in the stock solu-
tion of L

® 0.1 M HCl, 40°C.

¢ Undefined peaks eluted at the solvent front,
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retention times were lengthened using a 100%
aqueous mobile phase, one of these compounds
was identified as 4-chlorophthalic acid. These
minor degradation products (<1% at ty,) have
not been included in Scheme 1 or the following
kinetic analysis because of their negligible contri-
bution to the yield of degradation products. First-
order rate constants determined from the loss of
radiolabeled 1 were in close agreement with rate
constants determined by a UV-spectrophotometric
assay method (vide infra).

Degradation kinetics

Hydrolysis of 1

In all experiments, the disappearance of 1 fol-
lowed pseudo-first-order kinetics (Fig. 1). The hy-
drolysis rates of 1 were determined at several
temperatures (25, 60 and 80°C) and pHs (pH
0-12) using sodium chloride to maintain constant
ionic strength at 0.15 M (Fig. 2). At pHs less than
2, rate constants were determined in dilute hydro-
chloric acid or deuterated (> 98% isotopic purity)
hydrochloric acid solutions. From pH 3 to 6, the
rate constants were obtained from solutions
buffered with acetate at 0.025 M, or by extrapola-
tion of serially-diluted buffer to zero buffer con-
centration. Rate constants determined by either of
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Fig. 1. Reaction of 1 at pH 9.27 ({Tris} = 0.15) and 25°C o
give 2 and 3. The best fit line for 2 was obtained by non-linear
least-squares analysis of Eqn. 3. The dashed line is the calcu-
lated yield of naphthoguinone 3 and is equal to 100 {1}, —[2},.
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Fig. 2. Log(k o,,)-pH profiles for the reaction of 1 and 2. The

best fit rate constants obtained from nonlinear least-squares
analysis of Eqns. 1 and 2 are used to generate the profiles
shown.

these methods in this pH region were similar,
indicating only slight buffer catalysis. At pHs
greater than 6, however, the extrapolation method
had to be used because of a significant contribu-
tion to the overall rate by the basic buffer compo-
nent, especially when amine buffers were used. In
general, plots of k , versus buffer base concentra-
tion were linear over the buffer range of
~0.015-0.15 M.

In the absence of buffer catalysis, a plot of
log k ;, versus pH for 1 (Fig. 2) showed 3 distinct
regions of curvature having a slope of —1 in the
acid region, +1 in the base region and a short
plateau near pH 4 approaching a slope of 0, in
accord with Eqn. 1:

kobs=kH+[H+] +ko+kHo*[HO_] (1)

The effects of hydronium ion (ky+[H™]) and hy-
droxide ion (kyo-[HOT]) are minimized about
pH 4; at this pH the major rate contribution is
due to catalysis by water (k). The secondary rate
constants derived from non-linear least-squares
analysis of the data shown in Fig. 2 are given in
Table 2.

Inspection of Fig. 2 shows this behavior is
observed over a range of temperatures. The tem-

perature-dependent hydrolysis rates of 1 show lin-
ear Arrhenius behavior (Fig. 3) and give the fol-
lowing values of AH* (kcal - mol!) and AS* (cal
smol "' - K™Y ke (M71es71),13.3, —35.9; k,,
(s™h), 14,5, —43.6; kyo- M71-s71), 99, ~233,
respectively. It becomes readily apparent that for-
mulations containing significant amounts of water
are unacceptable because the tg, for 1 in aqueous
solution (pH 4) at 25°C is approximately 1 month.

Metal ions such as Fe?* and Cu?* did not
catalyze the hydrolysis of 1, as expected for reac-
tion of an ester unable to coordinate such divalent
cations (Fife, 1982; Guenzet, 1972). In support of
this finding, added EDTA had no effect on the
reaction rate. Experiments carried out aerobically
and anaerobically also showed identical reaction
rates, indicating that oxidative degradation of 1
(and 2) is negligible, even at the pH of maximum
stability.

Hydrolysis of 2

Degradation of 2 in aqueous solution also fol-
lowed pseudo-first-order kinetics. In the hydroly-
sis of 2, however, a deviation from Eqn. 1 at pH
~ 8 was observed due to the slower reaction of
207. Incorporation of a pK, term into Eqn. 1 to
account for hydroxide ion catalysis of the proto-

P

1 n
29 3.1 3.3
108 x 1T

Fig. 3. Arrhenius plots for the hydronium ion (a), water (O)
and hydroxide ion (O) catalyzed hydrolysis of 1. The values of
E, (kcal-mol™!) and log A for ky+, k; and kyo- are 13.9,
5.4; 15.2, 3.7; and 10.6, 8.0, respectively.
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Summary of leaving group pK s and rate constants for the hydrolysis and aminolysis of 1 and 2 and related naphthyl esters

Leaving Group Ky Mg e ko (s™h Ko~ kn M7 ls™he keMtsmh ¢
-1 .1
Drug pK,  Temp(°C) (M™5s7) *
1 809 25 (1424 007)x107°% (3.68+026)x107% 178+007 3.6x10°* 4,70
60 (216 £ 1.2y X107  (625+290)x 1077 12.9+47 i i
80 (832+1.50)x107* (1.92+021)x107¢ 28132 i i
20H 851° 25 (7194077 x107%  (4.95+067)x10°% 212 +026 28x107° i
207 1010° 25 £ f 0.138 +0.022 31x107° 5.5%x107?
4 93038 25 f £ 140 0 i 0175 *®
5 720 25 i i 4,09 i i
60~ 965° 25 i i 0.264 i i

* These rate constants have been corrected for activity using the following temperature-dependent activity coefficients of fy~ and
fuo-: 25°C, 0.78 and 0.77; 60°C, 0.76 and 0.75; 80°C, 0.75 and 0.74, respectively (Bates, 1973).
® The bimelecular rate constant for the degradation of 1 in deuterated hydrochloric acid at 25°C is (1.37 £ 0.06) x 1074 M~} 571,

¢k for reaction with tris-(trihydroxymethyl)aminomethane.
9 ky for reaction with n-propylamine.

¢ Determined from the best fit line of Lo = (—4.330 + 0.012)pK, + (4.319 + 0.109) where Lo is for phenols and naphthols (Perrin,

1980).

f The contributions made to the overall rate by the reaction of 20~ with either H* or H,O are expected to be negligible because, in
the pH region where these terms dominate (pH 0 — 6), the major fraction of 2 is present in the protonated form, 20H.

& Fasman (1976).

b Reaction of 1-naphthyl acetate in n-butylamine buffers at 30°C (u = 1.0) (Bruice, 1967).

 Not determined.

nated and deprotonated forms of 2 affords the
following expression:

_ kg [H*] + ko + ki [HO™]
o (H"]+K,)/[H"]

k

ko [HO"]
(K, +[HT])/K,

@)

where K is the acid dissociation constant for 2
(K,=813x107° at 25°C) and kgt and kig,-
are the rate constants for specific hydroxide ion
catalysis for the protonated and deprotonated
forms of 2, respectively. Non-linear least-squares
analysis of log k,, versus pH (Fig. 2) using Eqn. 3
gives the secondary rate constants shown in Table
2.

The complimentary formation and subsequent
disappearance of 2 from 1 could also be fit accu-
rately using Eqn. 3 derived from an A—-»B—>C
reaction scheme where the observed rate constants

k, and k, correspond to reactions A = B (1 2)
and B — C (2 — 3), respectively.

100 k,
(kz - k1)

X (eMt-e)  (3)

percent 2 remaining =

The concentration of 2 initially increases (where
the rate of formation of 2 equals the rate of drug
loss of 1) before it drops (due to reaction of 2
itself), as shown in Fig. 1.

General catalysis of 1 by acetate buffer

Defining the extent of general acid and general
base (or nucleophilic) catalysis was done by study-
ing the degradation of 1 in acetate buffers at
several pHs (Fig. 4). These kinetics were carried
out at 80°C to accelerate an otherwise inordi-
nantly slow reaction. The observed rate constants
obeyed the general expression of Eqn. 4 where
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108 kops (s~ 1)

1 i i L

.04 .08 12 Ji6
Total Buffer Concentration

Fig. 4, Dependence of k., for reaction of 1 at 80°C on the
total acetate buffer concentration By at various pHs. The
slopes are denoted k’ and the intercepts are equal to ky+[H™ )
"’*’ k().

kya and k,- are the rate constants denoting
catalysis
Kops = kg« [H ] + ko + ky [HA] + k,-[A7]

(4)
by acetic acid and acetate, respectively. Rearrang-

ing and dividing both sides by the total buffer
concentration B, gives Eqn, 5:

kcbs - kH*{H+} —kg
By

K=

=kua[HAl/Br+k,-{(Br— [HA])/B:} (5)

Thus, a plot of the pseudo-first-order rate con-
stants, k ., versus By at a constant pH affords
ky+[H*] +k, as the intercept and k’ as the slope
(Fig. 4). A secondary plot of the apparent rate
constants k” versus the fraction of free acid pre-
sent, [HA} /By, gives k- and kyy, as the O and 1
intercepts, respectively. Such a plot for the reac-
tion of 1 in acetate buffers at 80°C is shown in
Fig. 5; the derived values of ky, and k.- are
737x107 M 1-s7 and 474 X 1073 M- s
respectively. Although acetic acid is a fairly strong

o 2 4 6 8 1
[HAYBT

Fig. 5. Dependence of the apparent rate constant for buffer
catalysis k' on the composition of acetate buffer for reaction of
1 at 80°C. The 0 and 1 intercepts are ko and ky,, respec-
tively.

acid and acetate is a relatively weak base, the rate
constant for catalysis by acetate is ~ 6-fold greater
than that for acetic acid indicating that general
base or nucleophilic catalysis is the dominant
buffer reaction at this pH. Previous studies of the
acetate-catalyzed hydrolysis of substituted phenyl
acetates have shown conclusively that both
nucleophilic and general base catalysis are oper-
ative and that the fraction of each depends on the
pK , of the leaving group (Gold, 1968). For phenyl
acetates with good leaving groups having pK, s
near or less than the pK, of acetate, direct
nucleophilic attack is the predominant reaction;
otherwise acetate exhibits general base catalysis.
Since 1 has a leaving group pK, greater than the
pK, for acetate, the acetate-catalyzed degradation
of 1 probably follows a general base-catalyzed
mechanism.

The contribution to the overall degradation rate
by hydronium ion (ky4-[H*]) is important in the
highly acidic region (pH < 3). Suffice it to say that
the reaction rates, activation parameters and the
solvent isotope effect for specific acid catalysis of
1 at 25°C (ky+/kp-= 108 £ 0.05} are of the ex-
pected magnitudes for an A, mechanism of



acid-catalyzed ester hydrolysis (Yates, 1967; Said,
1981). The base-catalyzed hydrolysis reaction pre-
dominates throughout most of the pH range (pH
> 5) and is the subject of the next section.

Mechanism of base-catalyzed naphthyl ester hydrol-
ySis

The shelf-life of 1is ~ 1 month at pH ~ 4, and
even less in neutral pH solution where specific
base catalysis predominates. For most esters, the
rate of base-catalyzed hydrolysis is dependent on
the rate-determining step of the hydrolysis reac-
tion; i.e. whether formation of the tetrahedral
intermediate by nucleophilic attack (first step of
Eqn. 6), or breakdown of this intermediate (sec-
ond step) is rate-determining. For both of these
mechanisms, the hydrolysis rate is reflected in the
pK, of the leaving group, albeit slightly differ-
ently.

MeCOO™ (6)

Correlation in Fig. 6 of the hydroxide-catalyzed
hydrolysis rates at 25°C of alkyl, phenyl (Bruice,
1960; Kirsch, 1964) and naphthyl esters with the
pK, of the leaving group shows that the phenyl
and naphthyl! esters exhibit the slowest hydrolysis
rates at constant leaving group pK,, and that the
rates of naphthyl ester hydrolysis are only mildly
dependent on the leaving group ability. It is well
established that the rate-determining step for alkyl
ester hydrolysis is breakdown of the tetrahedral
intermediate (Eqn. 6), largely due to the poor
leaving ability of alkyl alcohols, and this is re-
flected in the steeper slope of the log k- versus
leaving group pK, plot (Fig. 6). On the other
hand, the phenolate ion is a good leaving group,
and it has been proposed that the rate-determin-
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Fig. 6. Correlation of log ko~ (M~ 1-s7!) with the pK , of the
leaving group. The points for the alkyl esters lie outside the
range shown and therefore are not plotted. The dashed line for
20 and 607 is drawn parallel to the line for the neutral
naphthyl esters for comparison purposes only.

ing step for phenyl ester hydrolysis is hydroxide
attack to form the tetrahedral intermediate (Bruice,
1960; Kirsch, 1964; Cohen, 1973). Inspection of
Fig. 6 shows that naphthyl esters are less sensitive
than phenyl esters to the nature of the leaving
group. This is expected for a reaction involving
rate-determining nucleophilic attack on a steri-
cally-hindered substrate with a good leaving group.
Naphthyl acetate (4) is included in this series of
2,3-methoxy-substituted compounds because the
o-methoxy group is not expected to cause an ap-
preciable rate retardation due to steric hindrance.
This is supported by the similar rates of base-
catalyzed hydrolysis of phenyl acetate and o-
methoxyphenyl acetate (Nishioka, 1975). This low
sensitivity of rate constant upon leaving group
pK, is well illustrated by comparing the reactivity
of a-naphthyl acetate (4) and 1,4-diacetoxy-6-
cyano-2,3-dimethoxy naphthalene (5). Although
the leaving group pK, for 4 (Fasman, 1976) is
more than two pK, units higher than that for 5§
(Table 2), the k- rate constant for 5 is only 3
times larger than k- for reaction of 4 (Table 2).

The ky,- values for the two anionic esters
(1-acetoxy-6-chloro-2,3-dimethoxynaphthalene-4-
oxide, 207, and 1l-acetoxy-6-cyano-2,3-di-
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methoxynaphthalene-4-oxide, 60 ™) fall approxi-
mately 0.75 log units below the line for the neutral
naphthyl acetates (Fig. 6). This rate retardation
for the negatively-charged esters could be due to
an electrostatic repulsion effect between the re-
actants (ArO~ and HO ™), or it could be due to a
change in the rate-determining step; i.e. to the
breakdown of the tetrahedral intermediate be-
cause of the poor leaving group ability of the
ArO?~ dianion. The first explanation is preferred
because phenyl esters of similar leaving group
pK, (9-10) as ArO~ show rate-determining
nucleophilic attack by HO™, and because a 5-fold
rate reduction (the difference between the lines for
charged and uncharged naphthyl acetates of Fig.
6) is not unexpected for an electrostatic repulsion
effect in a reaction of this type (Dahlberg, 1983).

Nucleophilic catalysis of 1 by amines

The aminolysis rates for the reaction of 1 and 2
were obtained from experiments carried out in
amine-buffered media using tris-(hydroxymethyl)
aminomethane (pK, 8.08) (Bates, 1961) and =-
propylamine (pK, 10.64) (Fasman, 1976). In Tris
buffers, the observed rate constants in the basic
region were found to follow the general relation-
ship:

K oo = Kpo-[HO 7] + k [N] + kygyo- [N][HO]
(7)

where [N] refers to the free (unprotonated) amine
concentration. Use of a more complete expression
to include complex general acid and general base
terms was not necessary to fit the observed kinet-
ics. Rate constants were determined by either
monitoring the first-order disappearance of 1 or
by following the appearance of 2; in the latter case
rate constants were derived from an A—»B—>C
fit of the data. Plots of k ,, versus [N] at a single
pH gave ky+kypo-[HO™] as the slope and
kyo-[HO™] as the intercept (Fig. 7). A secondary
plot of these slopes versus [HO™] determined at
each pH afforded k- as the secondary slope
and k, as the secondary intercept. The rate con-
stants k and ko~ for reaction of 1 and Tris at
25°Care3.6x107*M~1-s7'and 829 M 1.5},
respectively. For the reaction of 1 with n-pro-

105 Kops (s7)

Total Buffer Concentration

Fig. 7. Effect of Tris buffer concentration on the rate constant
for degradation of 1 (25°C) at several pHs.

pylamine, the contribution to the overall rate made
by the kyo-{HO 7] term was found to be negligi-
ble and the rate expression of Eqn. 7 was sim-
plified to give Eqn. 8. In this case, a plot of k
versus [N] gives ky,-[HO7] as the intercept and
k, as the slope directly.

K gps = Kio-[HO™] + ky[N] (8)

Nucleophilic catalysis of 2 by amines

The analysis of rate constants for the aminoly-
sis reaction of 2 with n-propylamine or Tris was
not as straightforward as for reaction of 1, in that
the protonated (20H) and deprotonated (207)
forms of 2 may contribute to the rate differently.
When Eqn. 8 is corrected for the fractions of
protonated ((H*]/{[H*]+ K,}) and deproto-
nated (K,/{K,+[H"]}) 2 in solution, the slope
of a plot of k_,  versus {N] has four unknowns:
k20H 1207 k20K and k3Q,,-. Although the terms
comprising the intercept (kiXE[HO™] +
k2Q-[HO™]) of such a plot are easily sorted out
by construction of a log(k . )-pH profile (Fig. 2),
it is immediately apparent that the slope of such a
buffer plot is complex and that resolution of these
terms cannot be achieved unless some approxima-
tions are made. Fortunately, the rate data pro-



vided for the similar reaction of 1 in Tris buffers
shows that Ky0-[HO ] < k[N] under the ex-
perimental conditions used and thus the
k yuo-[HO™] term can be neglected for 2 (e.g. as
in Eqn. 8), especially if the basic buffer compo-
nent is at low concentration. Moreover, the contri-
bution to the overall rate by k3Q;,- should be
even less than kT~ since electrostatic repulsion
between the reactants (20~ and HO™) should
retard the reaction rate. Additionally, the k-
term(s) for reaction of 2 in n-propylamine buffers
could not be resolved, as previously reported for
the reaction of naphthyl acetate (4) with »n-
butylamine reported earlier (Hawkins, 1955;
Bruice, 1967). Thus, the slope of a plot of k
versus [N] for reaction of 2 is approximated by
KIPH[H*)/([H*] + K, ) + k¥ K, /(K + [H'])
such that the k values for the reaction of 20H
and 20~ with Tris and propylamine (given in
Table 2) are easily resolved by rate measurements
at different pHs.

Mechanism of naphthyl ester aminolysis

The degradation of 1 and 2 is strongly amine
buffer catalyzed, as shown by the reasonably large
values of ky in Table 2. In this study, amine
catalysis has been shown to be nucleophilic in
nature, and is derived from the attack of free base
amine on the ester. The rates of amine attack on
substrate 1 can be used to estimate the nucleophilic
reactivity for other structurally-similar amines of
comparable pK, (because, for most amines,
nucleophilicity roughly parallels amine base
strength). Furthermore, the amine rate data re-
ported herein support the mechanism proposed by
Satterwait and Jencks for the aminolysis of aryl
esters—namely pre-equilibrium formation of a
tetrahedral intermediate followed by rate-de-
termining proton transfer from the amino portion
of the tetrahedral intermediate to base before rapid
collapse of the deprotonated intermediate to give
the products, i.e. as in Eqn. 9 (Satterwait, 1974).

o— C—Me O—C Me

R—NH, Base
f‘{Hz rds
R
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The Bronsted § value derived from the slope of a
plot of log k versus pK, of the amine base for
the reaction of 1 with Tris and propylamine is 1.5
(BL,.) whereas reaction of 20~ with the same
amines yields a value of 1.1 (822"). (The value for
B2CH could not be obtained because the k3PH [N]
term makes a negligible contribution to the overall
rate in propylamine buffers.) Tris is known to
exhibit greater steric hindrance than other primary
amines resulting in a marked negative deviation of
Tris from primary amine Bronsted plots for
nucleophilic catalysis such that the 8, values,
when compensated for steric hindrance of Tris,
are probably somewhat smaller, perhaps 0.8-1.1.
A B, value near 1.0 means that the sensitivity of
nucleophilic attack (of amine on ester) to sub-
stituents on the amine is quite similar to protona-
tion of the amine, i.e. as if the attacking and
catalyzing amine molecules in the transition state
have a shared charge of approximately + 1. This is
expected for a rate-determining proton transfer
reaction from the tetrahedral intermediate to base
(Satterwait, 1974). Additional support for rate-de-
termining proton transfer comes from the observa-
tion that 20~ reacts with Tris slightly faster than
20H, in contradistinction to the observed ratio of
rates for the hydroxide-catalyzed reaction
(k22 /k3OH = 0.065). This may be due to favora-
ble electrostatic catalysis between the naphthoxy
group of 20~ and the positively-charged nitrogen
in the transition state, or possibly, by involvement
of a cyclic transition state whereby the naphthoxy
group catalyzes the proton transfer reaction
through a molecule of water. Regardless of which
of these mechanisms is operative, a slow proton
transfer step from the tetrahedral intermediate to
a base molecule does explain kZ? > k2°H, whereas
rate-determining nucleophilic attack or rate-de-
termining breakdown of the deprotonated tetra-
hedral intermediate does not.

'
O—C—Me

OH i
IN y fast + RNHC-Me
\
R

&)



72
Acknowledgements

The authors express thanks to Dr. M. Maddox
and L. Kurz at the Institute of Organic Chemistry
(Syntex Research) for the NMR Overhauser effect
analysis, and to Drs. L. Gu, D.J. Johnson and W.
Lee for valuable discussions.

References

Albert, A. and Serjeant, E.P., The Determinization of Ionization
Constants, Chapman and Hall, New York, 1971.

Baden, H.P. (Ed.), The Chemotherapy of Psoriasis, Pergamon
Press, Oxford, 1984,

Bates, R.G. and Hetzer, H.B., Dissociation constants of the
protonated acid form of 2-amino-2¢hydroxymethyl)1,3-pro-
panediol and related thermodynamic quantities from 0 to
50°C. J. Phys. Chem., 65 (1961) 667.

Bates, R.G., Determination of pH. Theory and Practice, Wiley,
Toronto, 1973.

Bender, MLL.., Mechanism of catalysis of nucleophilic reactions
of carboxylic acid derivatives. Chem. Rev., 60 (1960) 53.
Bickers, S., Hazen, P.G. and Lynch, W.8., Clinical Pharmacol-
ogy of Skin Diseases. Vol. 7, Churchhill-Livingstone, New

York, 1984, pp. 57-90.

Bruice, T.C., Donzel, A., Huffman, RW. and Butler, AR.,
Aminolysis of phenyl acetates in aqueous solutions. VIL
Observations on the influence of salt, amine structure, and
base strength. J. Am. Chem. Soc., 89 (1967) 2106.

Bruice, T.C. and Mayahi, M.F., The influence of the leaving
tendency of the phenoxy group on the aminolysis and
hydrolysis of substituted phenyl acetates. J. Am. Chem.
Soc., 82 (1960) 3067.

Cohen, L.A. and Takahashi, S., A reexamination of electronic
effects in ring-substituted phenyl esters. Correlation of
spectral and kinetic properties with a. J. Am. Chem. Soc.,
95 (1973) 443.

Dabhlberg, D.B., Kuzemko, M.A., Chiang, Y., Kresge, A.J. and
Powell, M.F_, Electrostatic catalysis of proton-transfer reac-
tions: hydrogen exchange in chloroform and ionization of
2-nitropropane. I. Am. Chem. Soc., 105 (1983) 5387 and
references therein.

Dumas, K.J. and Scholtz, J.R., The psoriasis bio-assay for
topical corticosteroids. Acta Dermatovener, 52 (1972) 43.
Fasman, G.D., Handbook of Biochemistry and Molecular Bi-

ology, 3rd edn., CRC Press, Cleveland, 1976.

Fife, T.H. and Przystas, T.J., Effects of divalent metal ions on
hydrolysis of esters of a-(hydroxymethyl) picolinic acid.
Metal ion catalysis of the carboxyl, hydroxide ion and
water reaction. J. Am. Chem. Soc., 104 (1982) 2251.

Gold, V., Qakenfull, D.G. and Riley, T, The acetate-catalyzed
hydrolysis of aryl acetates. J. Chem. Soc., (B) 515 (1968).

Guenzet, J., El Khatib, M., Derdour, A. and Ben Menni, K.,
Hydrolyse acide de quelques esters: étude cinétique des
effets de sells. C.R. Acad. Sci. Ser. C, 275 (1972) 467.

Guetiens, F. and Morawetz, H., Intramolecular carboxylate
attack on ester groups. The hydrolysis of substituted phenyl

acid succinate and phenyl acid glutamates. J. Am. Chem.
Soc., 82 (1960) 5328.

Hawkins, P.J. and Piscalnikow, I, A kinetic study of the
aminolysis and hydrolysis of a-naphthyl acetate. J. Am.
Chem, Soc., 77 (1955) 2771.

Jones, G.H., Venuti, M.C. and Young, J.M., Naphthalene
antipsoriatic agents, U.S. Patent, 4,466,981 (1984).

Jones, G.H. and Young, J.M,, U.S. Patents, 4, 229, 479 (1980)
and 4, 255, 405 (1981).

Jones, G.H., Venuti, M.C,, Young, J.M., Murthy, D.V.X., Loe,
B.E, Simpson, R.A., Berks, A H., Spires, D.A., Maloney,
P.J, Kruseman, M., Rouhafza, S., Kappas, K.C., Beard,
C.C, Unger, SSH. and Sheung, PS, 1234-Tetra-
oxygenated naphthalene derivatives. J. Med. Chem., 29
(1986} 1504.

Kirsch, J.F. and Jencks, W.P., Nonlinear structure~reactivity
correlation. The imidazole-catalyzed hydrolysis of esters. J.
Am. Chem, Soc., 86 (1964) 837.

Lassus, A. and Forsstrom, S., A dimethoxynaphthalene deriva-
tive (RS-43179 gel) compared with 0.025% fluocinolone
acetonide gel in the treatment of psoriasis. Br. J. Dermatol.,
113 (1985) 103.

Makinen, MW, Yamamura, K. and Kaiser, E.T., Mechanism
of action of carboxypeptidase A in ester hydrolysis. Proc.
Natl. Acad. Sci. U.S.A., 73 (1976) 3882.

Nishioka, T., Fujita, T., Kitamura, K. and Nakajima, M., The
ortho effect in hydrolysis of phenyl esters. J. Org. Chem.,
40 {1975) 2520.

Parnes, H,, (to be published) (1987).

Perrin, D.D., Dempsey, B. and Serjeant, E.P., pK, prediction
for organic acid and bases, Chapman and Hall, New York,
1980,

Powell, M.F., Magill, A. and Becker, A R., Nonsteroidal anti-
psoriatic products. II. Transesterification and citric acid
stabilization of lonapalene in various alcoholic media. I1I.
Photochemical degradation of substituted naphthyl esters.
{in preparation) (1986).

Said, Z. and Tillett, J.G., Acid-catalyzed hydrolysis of phenyl
acetates. J. Org. Chem., 46 (1981) 2586.

Satterwait, A.C. and Jencks, W.P., The mechanism of the
aminolysis of acetate esters. J. Am. Chem. Soc., 96 (1974)
7018.

Simpsen, R.J., Jones, G.H,, Young, I.M., Venuti, M.C., Loe,
B.E., Scholtz, JR., Tanenbaum, L. and Akers, W.A, 6-
Chloro-1,4-diacetoxy-2,3-dimethoxynaphthalene (1): a
novel antipsoriatic agent. Abstract MEDI 22. [88th Na-
tional Meeting of the American Chemical Society, Phila-
delphia, 1984.

Wheldon, G.ID., In EM. Farber and Cox, A.J. (Eds.), Psoria-
sis, Proceedings of the Second International Symposium,
Yorke Medical Books, New York, 1976, pp. 23-25.

Yates, K.Y. and McClelland, R.A., Mechanism of ester hy-
drolysis in aqueous sulfuric acids. J. Am. Chem, Soc., 89
(1967) 2686.

Young, 1M, Jones, G.H., Scholtz, J.R., Akers, W.A, Venuti,
M.C,, Tanenbaum, L., Dumas, K.J., Zderic, J.A., Murthy,
D.V.K., Simpson, R.A,, Moffatt, J.G., Burdick, K.H. and
Ringold, H.J.,, A topical antipsoriatic agent: 6-chloro-1.4-
diacetoxy-2,3-dimethoxynaphthalene (Lonapalene, RS-
43179). J. Am. Acad. Dermatol. (1986) in press.



